INTRODUCTION
All eukaryotic cells contain multiple acidic organelles, including lysosomes, early and late endosomes, and the late Golgi apparatus (86) . Organelle acidification is implicated in protein sorting in the biosynthetic and endocytic pathways, proteolytic activation of zymogen precursors, and transmembrane transport of viral contents and toxins, but may also impact many other aspects of cell physiology (86, 103, 139) . In plants and fungi, the lysosome-like vacuole is adapted to additional functions, including storage of metabolic building blocks, calcium homeostasis, and osmotic control (72) , and vacuolar acidification is critical for these functions as well. The central player in organelle acidification in all eukaryotes is the vacuolar proton-translocating ATPase (V-ATPase).
V-ATPases are evolutionary descendants of a family of archaeal proton pumps and ATP synthases that also gave rise to the F 1 F 0 -ATP synthases of mitochondria and chloroplasts (38, 43, 91) . Although archaeal and bacterial V-ATPases show remarkable versatility, exhibiting the ability to transport Na ϩ or H ϩ , and to synthesize or hydrolyze ATP in different contexts (60, 91) , eukaryotic V-ATPases are dedicated proton pumps in vivo. In fungi and most other eukaryotic cells, their primary role is ATP-driven transport of protons from the cytosol into acidic organelles. Eukaryotic V-ATPases appear to have relinquished some of the versatility of their bacterial precursors, but they are still associated with an amazing range of cellular functions and regulated at many different levels.
This review focuses on the V-ATPase of Saccharomyces cerevisiae, with reference to work in other fungi in some cases. The yeast V-ATPase has become the major model system for the study of eukaryotic V-ATPases, and current knowledge of the structure, assembly, and regulation of this enzyme will be discussed, along with its functions in yeast.
STRUCTURE AND MECHANISM OF V-ATPases
Structure of the Yeast V-ATPase V-ATPases are multisubunit enzymes composed of a peripheral complex (called V 1 by analogy to F 1 of the F 1 F 0 -ATP synthase) attached to a membrane-bound complex called V 0 (100, 103) . A proposed structure and subunit composition for the yeast V-ATPase is shown in Fig. 1 . The V 1 sector contains three copies of the catalytic A subunit, which is responsible for ATP hydrolysis, that alternate with three copies of the B subunit, which also contains potential nucleotide binding sites, but are believed to play a regulatory role (42, 139, 159) . These two subunits are homologous to the ␤ and ␣ subunits, respectively, of F 1 F 0 -ATP synthases, with amino acid identities ranging from 20 to 25%, with the highest conservation in the nucleotide binding regions (38, 102) . In addition, the yeast V 1 sector contains six other subunits, designated C, D, E, F, G, and H, that do not have readily identifiable homologs in F-type ATPases (103) . These subunits appear to be arranged in two or more stalks that connect the catalytic headgroup, consisting of the A and B subunits, with the membrane domain (152, 157) .
The membrane-bound V 0 domain consists of six subunits, designated a, c, cЈ, cЉ, d, and e (126, 139) . The c, cЈ, and cЉ subunits show homology to the c subunits of the F 1 F 0 -ATP synthases, but appear to have undergone gene duplication, resulting in a four-transmembrane domain protein rather than the two-transmembrane domains typically found in c subunits of F 1 F 0 (48) . (The cЉ subunit may actually have five transmembrane domains [32] .) The discovery that the c, cЈ, and cЉ subunits are all required for V-ATPase activity in yeast and that all are present in a single complex was surprising (120) . This mixing of different c-like subunits is not observed in any F 1 F 0 -ATP synthase and has important implications for enzyme mechanism and assembly.
The a subunit of V-ATPases shows limited sequence resemblance to any F 1 F 0 -ATPase subunit, but its placement in the V 0 sector suggested that it might play a similar role to the a subunit of F 0 -ATPases in rotational catalysis, and further mutational analysis has supported this (69, 75) . Subunit a is the only yeast V-ATPase subunit that is present as multiple isoforms (84) . These isoforms, encoded by the VPH1 and STV1 genes, are targeted to the vacuole and Golgi apparatus/endosome, respectively, by the mechanisms discussed below (68, 84) . The d and e subunits are unique to V-ATPases (5, 126) . A bacterial d subunit has been crystallized, and based on the crystal structure, it is proposed to rest on a "nest" formed by multiple copies of the c subunits (57) . The e subunit is part of the final V-ATPase complex, both in yeast and in other eukaryotes, and is essential for its assembly and function, but nothing is known about its placement or function in the V 0 sector (79, 87, 126) .
Catalytic Mechanism of V-ATPases
The core catalytic mechanism of the yeast V-ATPase parallels that of F 1 F 0 -ATP synthases operating in the ATP hydrolysis direction. Both enzymes use a rotational catalytic mechanism in which conformational changes accompanying ATP hydrolysis are communicated through rotation of a central stalk attached to the c subunits and rotation of the ring of c subunits results in proton transport (50, 54) . The c subunits of F 1 F 0 are present as a ring of 10 to 14 subunits (58, 85) . In current models of rotational catalysis, the c ring sequentially binds protons to an intramembrane acidic amino acid present in each c subunit and then releases the protons to the opposite side of the membrane when the protonbearing c subunits are brought into register with the a subunit through rotation (2, 31) .
In the V-ATPase, there appears to be only one intramembrane glutamate responsible for proton binding in each c-like subunit, even though these subunits are twice as large as the F 1 F 0 c subunits (48, 105) . In the c and cЈ subunits, this glutamate is in the fourth transmembrane domain, while in the cЉ subunit, it is in the third transmembrane domain in models predicting five transmembrane domains (48) . (This would be the second transmembrane domain if the first predicted domain does not, in fact, enter the bilayer [104] .)
Given the central role of the c ring in rotational catalysis, it would appear to be very important that the hetero-oligomeric c rings of V-ATPases be carefully assembled to properly position the catalytically essential glutamates in order to avoid interruptions in the catalytic cycle. Although there is evidence that the different c subunits are present in a defined stoichiometry (120) , and there may be specific mechanisms for their incorporation during biosynthesis (41, 80) , the incorporation of the cЉ subunit into the c ring, particularly into the rotational mechanism, is not well understood.
In F 0 , interaction of a critical arginine in the a subunit, arginine 210 in Escherichia coli, is directly involved in proton transfer from the rotating ring of c subunits. Mutagenesis of many charged and polar amino acids in predicted transmembrane domains of VPH1 suggested several candidate amino acids in the last four transmembrane domains that might assume this function in V-ATPases (75) . Subsequent work demonstrated that arginine 735 of Vph1p is absolutely required from proton transport (69) , and arginine 735 is now generally believed to play a catalytic role in the yeast V-ATPase similar to that of arginine 210 in the E. coli F-ATPase. There is also very weak homology between the final transmembrane domain of Vph1p and the a subunit of F 0 . Mutagenesis of this region of VPH1, particularly E789 and R799, suggested that these FIG. 1. Subunit composition and structural model of the yeast V-ATPase. V 1 subunits are shown in pink and purple and V 0 subunits are shown in green. A single stator stalk containing subunits C, E, G, and H is shown, but recent electron microscopy evidence suggests that there may be two peripheral stalks in the closely related Neurospora crassa V-ATPase (152) . If there are two stator stalks in the yeast enzyme, it is likely that each stalk will contain subunits E and G, but one stalk may contain subunit H, and the other subunit C (152) .
amino acids support the function of arginine 735, much as glutamate 219 and asparagine 214 of the E. coli a subunit support arginine 210 (69) .
Another structural requirement of rotational catalysis is that part of the enzyme, including at minimum the A, B, and a subunits, must be held together in order for rotation of the central stalk and the c ring to drive proton translocation. In E. coli F 1 F 0 , one of the best-studied examples, this stable linkage of the a subunit and the catalytic head group is achieved through a single peripheral stalk, including a dimer of the highly elongated b subunit, a transmembrane protein associated with the a subunit in F 0 , in complex with the ␦ subunit, an F 1 subunit that binds to the top of the catalytic headgroup (22, 23) . In V-ATPases, this "stator" function appears to be accomplished by several of the V 1 subunits, one or more of which interact with the large (ϳ45-kDa) cytoplasmic domain of the a subunit (55, 59, 152, 158) . Consistent with a more complex subunit composition for the stator, the stalks of V-ATPases appear to be more complex than those of F 1 F 0 when viewed by electron microscopy (21, 152, 159) , and there is even evidence of multiple peripheral stalks in V-ATPases (152) .
The G subunit was definitively placed in the stator by the original set of rotational catalysis experiments which demonstrated rotation of the c subunit relative to subunit G (50) . The E, C, and H subunits are also localized to the peripheral face of the catalytic headgroup and thus are candidates for the stator as well (4, 55, 158) . In addition, a small domain of the catalytic subunit, which has been called the nonhomologous region because it appears to represent an insertion into the V-ATPase catalytic subunits that is not present in any F 1 F 0 catalytic subunit, also appears to function as part of the stator (133) .
V-ATPase FUNCTION AND CELL PHYSIOLOGY

Phenotypes Arising from Loss of V-ATPase Function
The first V-ATPase subunit genes were cloned by reverse genetic approaches. The nucleotide binding (A and B) subunits of Neurospora crassa, carrot, and Arabidopsis thaliana were identified by probing cDNA libraries with oligonucleotides based on peptide sequences from subunits of the isolated enzyme or by probing expression libraries with subunit-specific antibodies (8, 11, 82, 163) . The c subunit from the bovine chromaffin granule V-ATPase was cloned at the same time by similar methods (81) . Because these subunits are very highly conserved among V-ATPases, identification of the homologous genes in other organisms was accelerated by publication of the first few subunit sequences, although some of the initial yeast V-ATPase subunit genes were also identified by reverse genetic approaches (96, 98) .
The definition of the yeast V-ATPase subunit composition was greatly assisted by genetic approaches, however, after a set of phenotypes highly characteristic of loss of V-ATPase activity (Vma Ϫ phenotypes) was uncovered. Nelson and Nelson (99) first proposed that loss of V-ATPase function in yeast led to a pH-dependent conditional lethality in which the mutant strains failed to grow at pH 7 or higher, but were able to grow at pH 5 to 5.5. Ohya et al. (107) subsequently showed that mutants that were both sensitive to high concentrations of extracellular calcium and unable to grow on nonfermentable carbon sources were likely to contain defective V-ATPases, and thus identified a number of V-ATPase subunit genes from their set of cls (calcium-sensitive) mutants.
The combination of sensitivity to high pH and high extracellular calcium concentrations came to be the "trademark" Vma Ϫ phenotype. With the exception of the VPH1 and STV1 genes, which exhibit the full Vma Ϫ phenotype only when both genes are disrupted (84) , all of the subunit genes listed in Fig. 1 result in a very similar pH-dependent, calcium-sensitive growth phenotype when disrupted. Deletion of any of these genes also leads to the loss of all organelle acidification, as judged by accumulation of the fluorescent, lysosomotropic amine quinacrine, and the loss of ATPase activity in isolated vacuolar membranes (160) . Although a limited set of mutants with deletions in other genes mimic the Vma Ϫ growth phenotype, only subunits of the V-ATPase and a small set of dedicated assembly factors (see below) result in both the growth phenotype and a total loss of quinacrine accumulation and vacuolar ATPase activity when deleted (125) .
The Vma Ϫ growth phenotype has proved to be extremely valuable as an experimental tool. It has been used to screen for new subunit genes, assembly factors, and V-ATPase regulators (51, 107, 110, 125) , to test proteins identified biochemically as associated with the V-ATPase for effects on V-ATPase function (143) , and to rapidly identify mutations in V-ATPase subunit genes that compromise function. As it became increasingly clear that the yeast V-ATPase was extremely similar to V-ATPases of higher organisms, identification of potential subunits in other organisms was sometimes confirmed by identifying the corresponding gene in yeast and examining a deletion for the Vma Ϫ phenotype (40, 97) . In fact, the Vma Ϫ phenotype is largely the reason that yeast has emerged as the predominant model system for studies of V-ATPase function.
Other fungi, including Neurospora crassa, Candida albicans, and Schizosaccharomyces pombe, also show a pH-dependent growth phenotype upon disruption of V-ATPase subunits (10, 56, 119) , but disruption of V-ATPase function in higher eukaryotes is lethal (15, 108, 142) . The exception to this is mutations in tissue-specific isoforms of certain subunits in mammalian cells. V-ATPases containing these isoforms provide additional specific functions beyond the constitutive function in organelle acidification, and these V-ATPases are often found at the plasma membrane. Mammalian plasma membrane VATPases have been implicated in bone resorption, urinary acidification, and pH regulation (155) . In these cases, disruption of the tissue-specific isoform gives a more restricted phenotype, arising from loss of V-ATPase activity only in specific locations and associated with the specialized function of VATPases containing that isoform (67, 136) .
Although the combination of pH-dependent growth and calcium sensitivity is characteristic of loss of V-ATPase activity, it should be noted that these are far from being the only physiological defects in mutants lacking V-ATPase function. Even at pH 5, vma mutants grow significantly more slowly than wild-type cells (160) . They are acutely sensitive to a wide variety of heavy metals (25, 26) and hypersensitive to many different drugs (114) . They have been characterized as having severe defects in sporulation and germination (27) , but the germination defect, in particular, can be suppressed at low extracellular pH. The reason for the "petite" phenotype, which was documented very early, is still not fully understood; vma mutant cells have been reported to have relatively normal activities in isolated mitochondria (107) . A number of functions not readily associated with organelle acidification, for example, cell wall structure and function, cytoskeletal organization, and phospholipid content and distribution, are also affected in vma mutants (16, 107, 162) . This array of defects suggests that V-ATPase activity is connected to many other cellular functions, but also needs to be considered when V-ATPase mutants are used as experimental tools.
vma Mutants Reveal Cellular Functions of V-ATPases
Some of the phenotypes of the vma mutants were expected, and others were surprising. However, among the phenotypes that were expected to arise from loss of V-ATPase activity was loss of vacuolar protease activity, because the acidic pH of the vacuole was believed to be critical for proteinase A activation and initiation of the cascade of vacuolar protease activations. Surprisingly, vma mutants do have active vacuolar proteases (160) , although the overall levels of these proteases and their rates of maturation are lower than in wild-type cells (94, 137) . This slow activation may come both from reduced activity of the activating proteases themselves and from slower transport to the vacuole (73, 94, 161) . The deficiency in protease activity at the vacuole in vma mutants is serious enough to compromise digestion of autophagic bodies in cells undergoing autophagy or to slow down the vacuolar proteolysis induced by starvation (94) .
Vacuolar protein sorting was also expected to be severely compromised in the vma mutants, but vacuolar proteases were missorted and secreted at a much lower level than in many of the vacuolar protein sorting (vps) mutants (73, 160) . Endocytosis also appears to be slowed but not prevented in the vma mutants. Uptake of lucifer yellow was reported to be inhibited and uptake of FM4-64 slowed in the vma mutants (115, 150) . However, the vma mutations are synthetically lethal with a number of endocytosis (end) mutations, suggesting that endocytosis not only occurs in the vma mutants but is critical for their survival (92) . Taken together, these results suggest that although organelle acidification is certainly a factor in proteolytic activation and protein sorting in yeast, it is not completely essential.
The V 0 sector of the V-ATPase itself has been proposed to play a critical role in the terminal steps of vacuole-vacuole fusion in yeast (6, 116) , and more recently, in the late steps of synaptic vesicle exocytosis in Drosophila melanogaster (44) . vma mutants do exhibit some defects in vacuolar morphology that might be consistent with problems in vacuolar fusion (6, 130) , but these phenotypes are generally not as severe as those of SNARE or rab deletion mutations, which often show severe vacuolar fragmentation and in some cases are lethal (130) . The more modest vacuolar morphology phenotype of the vma mutants may argue against a general role for V 0 in membrane fusion, or could result from compensation by other proteins capable of catalyzing fusion in the absence of V 0 sectors. Further experiments are necessary to distinguish these possibilities.
The yeast V-ATPase does play a central role in pH and calcium homeostasis, however. The full physiological basis for the pH-and calcium-dependent conditional lethality of the vma mutants is still not fully understood. Because vma and end mutations exhibit synthetic lethality, it has been proposed that vma mutants grow at low extracellular pH because they are able to acidify the vacuole by uptake of acidic extracellular fluid under these conditions (92) . However, such a compensatory mechanism would require a very high rate of endocytosis compared to the rate of passive proton leakage, and thus seems somewhat unlikely. It was later proposed that the pH of the vacuole was lowered by passive uptake (not endocytosis) of weak acids from the extracellular fluid (118) . More recently, it has been pointed out that copper and iron become limiting nutrients at high extracellular pH, suggesting that the defects of the vma mutants in metal uptake and/or distribution might underlie their intrinsic pH sensitivity (132) . Resolving the role of the V-ATPase in pH homeostasis may require careful comparison of the vacuolar and cytosolic pHs of vma mutants and wild-type cells at various extracellular pHs, and these experiments have not been done.
The calcium sensitivity of the vma mutants is somewhat better understood. The Ca 2ϩ /H ϩ antiporter in the vacuole, encoded by VCX1, appears to act as the high-capacity regulator of cytosolic Ca 2ϩ concentrations in yeast (14, 88) . Loss of V-ATPase activity leads to loss of Vcx1p activity (33, 88) . Under these conditions, cells appear to maintain calcium homeostasis only by constitutive activation of calcineurin, which in turn leads to upregulation of Pmr1p and Pmc1p, two calcium pumps (36, 145) . (It should be noted that the effects of the V-ATPase extend even beyond driving Vcx1p because the vcx1⌬ mutant has a much less pronounced phenotype than the vma mutants [33] .) Consistent with a critical role for the V-ATPase in calcium homeostasis, V-ATPase and calcineurin mutations are synthetically lethal, and vma mutants rapidly lose calcium homeostasis and viability in the presence of the calcineurin inhibitor cyclosporine A (33, 36, 145) .
The phenotypes of the vma mutants also highlight the importance of the vacuole as a storage organelle involved in many aspects of cellular homeostasis (72) . Although the vma mutants can mate, they are quite defective in sporulation, particularly germination. This may arise from their inability to store nutrients in the vacuole for use during germination and is a feature shared by other fungi lacking V-ATPase activity (10, 34) . Yeast vma mutants are also defective in many aspects of metal ion homeostasis (26) . Some of these defects may come directly from the inability to store and/or detoxify metals in the vacuole (25) , but others are more complex. For example, an acidic environment in the late Golgi apparatus or endosome is essential for maturation of the high-affinity plasma membrane iron transporter Fet3p (76) . Inability to mature Fet3p may be the source of sensitivity to multiple heavy metals, because it can result in upregulation of less-specific transporters (76) .
There has not yet been a thorough dissection of which metal ions have a direct dependence on the V-ATPase for their transport (for example, through the activity of antiporters dependent on a pH gradient in the vacuole) and which have a more indirect dependence. However, a recent genomewide analysis of homeostasis of multiple metals and other trace elements made it clear that the V-ATPase is a central player in metal ion homeostasis (26) .
There are also connections between cell morphology and V-ATPase in fungi that are not understood. This was shown dramatically in Neurospora crassa vma-1 mutants, which lack the V-ATPase catalytic subunit (10) . The mutants do not extend hyphae, but instead form short, very highly branched hyphae and are unable to form conidiae. These properties are mimicked but are less severe in N. crassa grown in the presence of the specific V-ATPase inhibitor concanamycin A (9). Although the morphology of yeast vma mutants does not appear to be altered dramatically, a temperature-conditional vma mutation, vma4-1(Ts), exhibited dramatically altered morphologies (with elongated or multiple buds) after a shift to the nonpermissive temperature (162) .
The more pronounced morphological defects in the vma4-1(Ts) mutant may arise from a lag in activating compensatory mechanisms, such as calcineurin activation, that blunt or prevent these defects in the vma deletion mutants, but a specific effect of the vma4-1(Ts) mutation on cell morphology cannot be eliminated. Actin organization was found to be aberrant in both the vma4-1(Ts) mutant and a vma4⌬ mutant (as well as other vma mutants), and this could underlie or at least contribute to the morphological defects (162) .
The defects in pH and/or calcium homeostasis could potentially account for both cytoskeletal defects and the morphological changes in fungi. However, it is intriguing that direct interactions between V-ATPase subunits and the actin cytoskeleton have been observed in other systems, opening the possibility that disruption of the V-ATPase could directly affect cytoskeletal architecture (53, 153, 154) . In one case, a V-ATPase subunit (subunit C) was even shown to cross-link actin filaments in vitro (153) . The X-ray crystal structure of yeast subunit C shows a striking structural similarity to profilin (20) at one end of the subunit, further supporting the possibility of a direct interaction between V-ATPases and the actin cytoskeleton.
ASSEMBLY AND TRANSPORT OF V-ATPases
Assembly of Partial Complexes in Mutant Strains
V-ATPases are multisubunit complexes that function in multiple organelles, so their biosynthesis, assembly, and transport pose a particular challenge to the cell. Proteins traveling from the endoplasmic reticulum to the vacuole through the biosynthetic pathway or from the cell surface to the vacuole through the endocytic pathway encounter compartments of progressively lower pH (86) . The final pH of each compartment results from the combination of proton pumps, other transporters, channels, and buffers localized there, and the mechanisms available for regulating each of these (111) . Among the transporters and channels implicated in determining the final pH of specific compartments in yeast are the ClC (mammalian chloride channel)-type chloride channel Gef1p in the Golgi apparatus and the sodium/proton antiporter Nhx1p in the late endosome (95, 129) , and there are almost certainly more. Because the V-ATPase is the central player in organelle acidification in fungi, its distribution and regulation are major factors governing the final pH in different organelles. However, it is still unclear to what extent the final pH is these organelles is dictated directly by the distribution of the V-ATPase itself as opposed to regulation of V-ATPase activity. This section will discuss current knowledge about how the yeast V-ATPase is assembled and targeted, and the next section will focus on its regulation.
Experiments with mutants lacking individual V-ATPase subunits first indicated that there was not extensive coordinate regulation of subunit synthesis, because loss of one subunit did not generally lead to loss of others (63) . Subsequent work has indicated that loss of any V 1 subunit does not affect the levels of other V 1 or V 0 subunits (139) . The exception to this is destabilization of the E subunit when the G subunit is deleted (147) . Loss of any V 0 subunit does not generally affect the levels of the V 1 subunits, but steady-state levels of the remaining V 0 subunits, particularly the a subunit, are often reduced (63) .
Because at least some of the remaining subunits were still present in the deletion mutants, it was possible to determine the partial complexes that were present. Such experiments clearly indicated that the V 1 and V 0 sectors could be assembled independently; assembled V 0 sectors could be isolated from mutants lacking any V 1 subunit, and assembled V 1 sectors could be isolated from mutants lacking any V 0 subunit (19, 148) . In addition, a "core V 1 complex" as well as V 0 complexes could be isolated in the absence of V 1 subunit C (19, 51) , and inactive V 1 V 0 complexes could be isolated in the absence of V 1 subunit H (52). Tomashek et al. went on to show that a number of other smaller complexes could be formed in the absence of one subunit and that these complexes could be incorporated into larger, membrane-bound complexes when lysates from different deletion mutants were combined (146, 148) . These data have provided important information about subunit-subunit interactions, but do not necessarily define steps in biosynthesis of the V-ATPase complex because kinetically unfavorable pathways may become available in the absence of one of the V-ATPase subunits that are not used in the presence of a full complement of subunits. Figure 2 represents some of the steps in assembly and transport of the V-ATPase. It is clear that there are a number of requirements for assembly of V 0 and these represent some of the earliest steps in V-ATPase assembly. Two genetic screens for vma mutants identified three gene products, Vma12p, Vma21p, and Vma22p, that were essential for any V-ATPase activity at the vacuole but were not part of the final, assembled V-ATPase complex (51, 107) . When any one of these proteins is missing, Vph1p is destabilized, as it is in the absence of any of the other V 0 subunits (46, 47, 49) . This instability arises from endoplasmic reticulum-associated degradation of improperly assembled Vph1p (45) . Vma12p and Vma21p proved to be integral membrane proteins of the endoplasmic reticulum, and Vma22p is a peripheral membrane protein that forms a complex with Vma12p (41, 46, 47) .
Early Steps in Biosynthesis and Assembly of V-ATPases
The functions of these three proteins, now believed to be dedicated assembly factors for the V-ATPase, have gradually become clearer. The Vma12p/Vma22p complex binds transiently and specifically to the newly synthesized Vph1p in the endoplasmic reticulum and promotes its stability (41) . In a vma22⌬ mutant, wild-type Vph1p assumes a wild-type mem-VOL. 70, 2006 ORGANELLE ACIDIFICATION BY YEAST VACUOLAR H ϩ -ATPase 181 brane topology (45) , and in a vma12⌬ mutant, Vph1p has even been shown to associate with the other V 0 subunits (80) . However, in both of these mutants, Vph1p is rapidly degraded without transport to the Golgi apparatus. This suggests that the Vma12p/Vma22p somehow primes Vph1p for proper assembly with the other V 0 subunits. The nature of this priming is unclear, but it protects Vph1p from degradation. Vma21p was more recently shown to bind directly to the cЈ subunit, one of the three proteolipid subunits (80) . Coimmunoprecipitation experiments from mutants lacking individual V 0 subunits suggested that Vma21p may bind to the ring of proteolipid subunits via its interaction with the cЈ subunit, form a complex capable of recruiting subunit d (Vma6p), and then perhaps bind to Vph1p that has been prepared for assembly near the time of recruitment into vesicles. Using an in vitro assay for COPII vesicle formation, Malkus et al. demonstrated that Vma21p accompanies assembled V 0 complexes into COPII vesicles and may accompany the V 0 complex to the Golgi apparatus before dissociating and interacting with the endoplasmic reticulum retrieval machinery via its C-terminal dibasic retrieval sequence (80) . Taken together, these results indicate that the initial steps of V 0 assembly are very carefully orchestrated and coordinated with the initial stages of transport through the vacuolar network.
The stage at which V 1 subunits associate with V 0 subunits may be a critical factor in determining where in the secretory pathway acidification begins to occur. Malkus et al. (80) have shown that dissociation of Vma21p from assembled V 0 sectors and association of the A subunit of the V 1 sector with the V 0 sector occur with similar kinetics. Based on this, Malkus and coworkers have argued that V 1 associates with V 0 after it is fully assembled. However, their data do not support assembly of a fully assembled V 1 with V 0 , because the kinetics of association between V 1 subunits A and B were shown to be slower than the kinetics of association between V 1 subunit A and Vph1p (80) .
Pulse-chase experiments examining the set of subunits coprecipitating with V 1 subunits A and B (65) had also suggested that association of V 1 and V 0 subunits might occur before V 1 assembly was completed. Based on these experiments, it was suggested that V-ATPase assembly in the presence of a full complement of subunits occurred via a concerted assembly pathway, with early associations between V 1 and V 0 subunits preceding full assembly of either complex, rather than by association of preassembled V 1 and V 0 sectors.
The primary disagreement between the two sets of experiments concerns whether full V 0 assembly must precede any association with V 1 subunits. Consistent with preassembly of V 0 , association of Vph1p with V 1 subunits is decreased in a (117) and are believed to reach the prevacuolar compartment via the early endosome, which is also likely to be somewhat acidic (134) . Stv1p-containing V-ATPases appear to cycle between the prevacuolar compartment and the vacuole (68) , and may travel through the early endosome as well. The RAVE complex is known to assist in reassembly of V 1 and V 0 complexes at the vacuole (131) , and may also assist in assembly at the early endosome (134) .
sec18 mutant, which blocks fusion of endoplasmic reticulumderived vesicles with the Golgi apparatus and results in accumulation of V 0 complexes associated with Vma21p (65, 80) . With a sec18 block, however, coprecipitation of the proteolipid subunits with V 1 subunits is completely prevented, suggesting that association of V 1 with Vph1p can precede association with the proteolipid subunits (65) . In addition, Vma21p clearly does not prevent V 1 subunits from associating with V 0 , since a mutant form of Vma21p that lacks its endoplasmic reticulum retrieval sequence is transported to the vacuole in association with intact and active V-ATPase complexes (80) .
All a subunits in eukaryotes consist of an N-terminal cytoplasmic domain of approximately 40 kDa that associates with a number of V 1 subunits and other cellular proteins, and a Cterminal domain that contains multiple transmembrane segments (74, 103) . The expressed soluble cytosolic domain of Vph1p is able to associate with V 1 subunits in vivo, indicating that none of the endoplasmic reticulum-associated steps is absolutely required to set up this interaction (74) . It may be that preassembly and transport of V 0 to the Golgi apparatus followed by stepwise assembly of V 1 after its initial attachment to V 0 is the preferred pathway in wild-type cells, as shown in Fig. 2 . However, as in the subunit deletion mutants that independently assemble V 1 and V 0 sectors, other pathways may become available when some aspect of this pathway is blocked.
A number of questions still surround the early steps of VATPase assembly. (i) Most early assembly studies have focused on defining when V 1 subunits A and B become attached to the V 0 subunits, because this attachment is necessary for catalytic activity of the enzyme (65, 80) . It should be noted, however, that attachment of the A and B subunits to V 0 is not sufficient for V-ATPase activity. In mutants lacking subunit H, for example, the rest of the V-ATPase is fully assembled but inactive (52) . It is therefore important to understand when the stalk subunits, particularly subunit H, assemble with the V 1 V 0 complexes in order to understand when and where the V-ATPase first becomes active. The incorporation of subunit H, or most of the other stalk subunits, has not been extensively studied.
(ii) The RAVE complex (described below) plays a role in both regulatory assembly and disassembly of the V-ATPase and, somewhat surprisingly, in biosynthetic assembly of the V-ATPase (131, 135) . In the absence of the RAVE complex, V 0 complexes are assembled and targeted to the vacuole, and there is some attachment of V 1 to V 0 (121), but the assembled complexes are unstable and there is very little ATPase activity in isolated vacuoles (135) . Both the nature and the site of intervention by the RAVE complex in V-ATPase assembly are unknown.
(iii) Almost all of the V 0 sector assembly experiments were performed prior to identification of the sixth V 0 subunit, subunit e, encoded by the VMA9 gene (126) . Sequence-based predictions suggest that subunit e has two transmembrane domains, and a C-terminal tag in the subunit appears to be vulnerable to vacuolar proteases. This suggests that the N and C termini of the protein are oriented toward the vacuolar lumen. Both the position of this subunit in the V-ATPase complex and the timing of its incorporation into the V-ATPase are completely unknown, but as an integral membrane V 0 subunit, it almost certainly is initially inserted into the endoplasmic reticulum.
(iv) As described below, there are actually two isoforms of the a subunit, Vph1p and Stv1p (83, 84) . Virtually all investigations of V 0 and V-ATPase assembly have focused on Vph1p, which is present at a higher concentration than Stv1p (68, 84) . Although it is assumed that the early assembly steps of the two a subunit isoforms are similar, this has yet to be proven. The best argument for a common early assembly pathway for the two a subunit isoforms is the strong phenotype of vma12⌬, vma21⌬, and vma22⌬ mutants (51, 107) , which would seem to indicate that all V-ATPase complexes require these assembly factors for their biosynthesis.
Role of the V 0 a Subunit Isoforms in Targeting the V-ATPase
Although a number of V-ATPase subunits are present as multiple isoforms in plants and animals, there are isoforms of only the V 0 a subunit in S. cerevisiae. The different phenotypes of the individual isoform deletion mutants, vph1⌬ and stv1⌬, indicate that they fulfill different cellular functions (84) . Consistent with this, the two isoforms are localized differently; Vph1p is localized to the vacuole and Stv1p cycles between the Golgi apparatus and prevacuolar endosome (68) . Overexpression of STV1 can suppress the phenotypes of a vph1⌬ strain, and under these conditions, Stv1p is present in the vacuole (84) .
Comparison of the biochemical properties of vacuolar complexes containing Vph1p or Stv1p indicated that the a subunit isoforms impart significantly different properties on the enzyme complexes (70) . Stv1p-containing complexes show less assembly with V 1 subunits even when Stv1p and Vph1p are present in comparable amounts, and the assembled Stv1p-containing complexes couple ATP hydrolysis to proton transport much less efficiently (70) . The cytoplasmic N-terminal domain of the two isoforms seems to dictate their localization. The N-terminal cytoplasmic domain of Stv1p is capable of directing a chimeric protein with a Vph1p C terminus to a steady-state Golgi apparatus localization, while a chimera containing the Vph1p N terminus and the Stv1p C-terminal domains is localized in the vacuole (68) . It is likely that the Stv1p N-terminal domain contains a Golgi apparatus retrieval signal, but the exact nature of the targeting signal is still unknown (68) . Vph1p, on the other hand, transits to the vacuole through the Golgi apparatus and prevacuolar compartment, i.e., via the carboxypeptidase Y vacuolar sorting pathway, and may not require a specific targeting signal (117) .
Even though the two a subunit isoforms have different steady-state distributions, it is important to recognize that they do occupy the same compartments during their biosynthesis, starting presumably with the endoplasmic reticulum, then moving to the Golgi apparatus and prevacuolar endosome. This raises questions about how V 1 is allocated to complexes containing the different a subunit isoforms, and how much each type of complex contributes to acidification of organelles in which both reside. The simplest model would have V 1 subunits binding to both types of V 0 sectors as they become available, and the contribution of Vph1p-and Stv1p-containing complexes to compartment acidification would be determined by their time of residence in different compartments. Thus, Vph1p-containing complexes might contribute to acidification of the late Golgi apparatus during transit, but their contribution might be less than that of Stv1p-containing complexes on November 6, 2017 by guest http://mmbr.asm.org/ because they spend less time in the Golgi apparatus. Similarly, both Vph1p-and Stv1p-containing complexes might contribute to endosomal acidification during transit, but the relative rates at which Stv1p-containing complexes are retrieved to the Golgi apparatus and Vph1p-containing complexes are sent on to the vacuole, along with the relative ratios of the two complexes, would determine their contributions to endosomal acidification (115) . Under conditions where transport between compartments is blocked, the contributions of the two types of V-ATPase complex to the overall acidification might change. For example, in a vps27⌬ mutant, in which both forward and reverse transport out of the late endosome/multivesicular body is inhibited, both Stv1p-and Vph1p-containing V-ATPase complexes accumulate in the enlarged endosome, which appears to become hyperacidified (68, 117, 121) .
Compartment Identity and V-ATPase Assembly and Activity
The simplified model for assembly and function of V-ATPases containing different a subunits described above would suggest that acidification by Vph1p-and Stv1p-containing complexes depends only on the availability of a full complement of subunits and residence time in different compartments. However, there is evidence that V-ATPase activity can be altered by the environment in different cellular compartments. This suggests that compartments exert an effect on the V-ATPase that could, in turn, regulate the final level of acidification in those compartments. For example, although Stv1p-containing complexes in their normal location do not appear to dissociate in response to glucose deprivation, Stv1p-containing complexes at the vacuole do show some level of disassembly (70) . Conversely, Vph1p-containing complexes, which normally show extensive disassembly when cells are deprived of glucose, lose some of this disassembly when they are trapped in earlier compartments by a vps21⌬ or vps27⌬ mutation (70) .
There are many levels at which a compartment could exert a direct effect on V-ATPase activity or biochemical properties. If, as described below, the V-ATPase senses compartment pH (133) , then some of the apparent differences between V-ATPase properties in different compartments could come from pH regulation of the V-ATPase, not a direct interaction with other components of the organelle. Work with other systems has emphasized the importance of other channels and transporters in determining the final pH of different compartments (17, 71, 144) , and in this context, these proteins could be seen as indirectly regulating V-ATPase activity by contributing to the lumenal pH of the organelle.
It is also worth noting, however, that there is substantial evidence that V-ATPase activity is sensitive to the lipid environment, and this is certainly a potential mechanism by which V-ATPase activity could be regulated in different compartments. Deletion of either of two proteins involved in sphingolipid biosynthesis, Sur4p and Fen1p, results in a milder version of the Vma Ϫ growth phenotype and reduced quinacrine accumulation at the vacuole (12) . Surprisingly, these mutations appear to affect the structure of the peripheral V 1 sector rather than the integral membrane V 0 sector, because membranes containing V 0 sectors from the mutants can form functional complexes when provided with wild-type V 1 , but V 1 sectors from the mutants are unable to reconstitute activity with vacuolar membranes containing wild-type V 0 (12) . These results seem to imply that either the maturation of the V-ATPase or its function relies on sphingolipids, but the biochemical connection is still not understood.
A number of experiments also connect inositol phospholipids and organelle acidification, but it is still not clear whether the effects on acidification arise from direct effects on the VATPase. A subset of the vacuolar protein sorting (vps) mutants are defective in quinacrine uptake into the vacuole, indicating a vacuolar acidification defect (121, 124) . Among these are the vps34 and vps15 mutants, which are defective in phosphatidylinositol 3-kinase activity (128, 138) . vps34⌬ and vps15⌬ mutants were also identified in a genomic screen for nonessential deletion mutants that exhibit sensitivity to high pH and extracellular calcium concentrations and poor growth on nonfermentable carbon sources characteristic of the vma mutants (125) . Vacuoles isolated from the vps34⌬ and vps15⌬ have reduced V-ATPase activity, but also have reduced levels of several V-ATPase subunits (125) . This may suggest that the vacuolar acidification defect arises from improper localization of the V-ATPase, but it is notable that other vps mutants with defects in V-ATPase targeting, such as the class E vps mutants, do not exhibit a Vma Ϫ growth phenotype. In addition, there is very recent evidence that Vps34p and subunit F of the V-ATPase may directly interact in Candida albicans (24) . Mutations in the phosphatidylinositol 3,5-kinase Fab1p and its regulators, Vac7p and Vac14p, also result in a loss of vacuolar acidification (7, 37) . These mutants have not been reported to exhibit a Vma Ϫ phenotype, but the primary site of action of Fab1p is the vacuole (7, 37), and as described above, loss of V-ATPase function in the vacuole alone, for example, by inactivation of Vph1p but not Stv1p, does not generate the full Vma Ϫ phenotype (83, 84) . In fab1 mutants, the V-ATPase appears to be properly localized to the vacuole (7) , and experiments with a fab1 mutant that has very low activity have established that only low levels of phosphatidylinositol 3.5-kinase appear to be necessary for vacuolar acidification (37).
It is not clear whether the acidification defect arises from defective proton transport by the V-ATPase itself, or effects on other components of the vacuole that might change the ability to establish and maintain a proton gradient. There is much to be done to clarify the links between inositol phospholipids, the V-ATPase, and organelle acidification, but given the emerging importance of inositol phospholipids as compartment identifiers (106, 123) , the possibility that they regulate ATPase activity at some level is extremely interesting.
In summary, many questions remain about how V-ATPases are localized and transported, and how these processes are linked to their overall activity at different cellular locations. Because the internal pH of an organelle is a fundamental determinant of the organelle's identity and function, it seems likely that there are factors that control V-ATPase transport and/or the activity of the V-ATPase during its transport. However, these factors have yet to be clearly defined.
REGULATION OF V-ATPase ACTIVITY
The final pH of different intracellular compartments depends not only on the localization of V-ATPases, but also on regulation of their activity. In addition, the requirement for V-ATPase of many basic homeostatic processes suggests that its activity may be adjusted under different extracellular conditions. Therefore, it is not surprising that the regulation of V-ATPases is rich and complex.
Reversible Disassembly of the Yeast V-ATPase
Reversible disassembly of V-ATPases was first observed independently in Manduca sexta and yeast (reviewed in references 62 and 156). In both cases, a drop in extracellular nutrients, initiated by a brief glucose deprivation in yeast and by a cessation of feeding during a molt or starvation in M. sexta, resulted in disassembly of fully assembled and active V-ATPase complexes into cytosolic V 1 complexes and membrane bound V 0 complexes (61, 141) . Remarkably, this disassembly was reversible; restoration of extracellular glucose resulted in reassembly of V 1 with V 0 at the membrane (39, 61) . These results suggested that even after its biosynthetic assembly, the level of V-ATPase activity might be adjusted by adjusting the level of assembly. In addition, the presence of a similar process in two systems as different as those of S. cerevisiae and M. sexta suggested that reversible disassembly might be a general property of V-ATPases. More recent evidence of controlled assembly of V-ATPase complexes in renal epithelial cells and maturing dendritic cells (127, 149) has suggested that V-ATPase activity is regulated at the level of assembly in mammalian cells as well.
A model for reversible disassembly of the yeast V-ATPase is shown in Fig. 3 . Biochemical characterization indicated that both disassembly and reassembly were very rapid and entirely posttranslational (61) . In medium containing 2% glucose, the preferred carbon source, 55 to 70% of V 0 sectors were assembled with V 1 , but after only 5 min of glucose deprivation, only 15 to 20% of V 0 sectors had bound V 1 , and 5 min after glucose restoration, the level of assembly was again 55 to 70%. Both disassembly and reassembly occurred efficiently in the presence of 100 g/ml cycloheximide. Immunofluorescence microscopy using a monoclonal antibody against a cryptic epitope in Vph1p, exposed only when V 1 is not bound, revealed that the epitope was exposed at the vacuole with glucose deprivation and lost again with glucose readdition; these results make it unlikely that there is any trafficking of the complexes out of the vacuole required for reassembly (61) .
Reversible disassembly proved to be more of a means of "tuning" V-ATPase assembly to an appropriate level than an all-or-none process. After overnight growth in a less favorable carbon source, such as raffinose, intermediate levels of VATPase assembly were observed (approximately 45% of V 0 complexes bound to V 1 in raffinose, for example). Remarkably, the free V 1 sectors remained both stable in the cytosol and competent for rapid reassembly with V 0 upon addition of glucose to the cells (61) . Taken together, these results suggest that the V-ATPase assembly state is actively adjusted in response to the extracellular carbon source. Unlike F 1 , V 1 loses all Mg 2ϩ -dependent ATP hydrolysis when it is removed from the membrane, and V 0 sectors do not appear to be open proton pores (113, 157) . Thus, disassembly of V-ATPases under less favorable conditions might conserve ATP when energy sources are limited, while rapid reassembly could help to prevent cytosolic acidification when rapid metabolism resumes.
The rapid and reversible disassembly of V-ATPase complexes at the vacuole suggests that there must be some means of signaling extracellular glucose availability to V-ATPases at the vacuolar membrane, but the nature of this signal is still unclear. Many glucose-dependent processes in yeast "sense" the level of glucose 6-phosphate, but further metabolism of glucose is required to sustain assembly of the V-ATPase (112) . In addition, mutations in a number of signaling pathways implicated in glucose signaling, including the Snf1, cyclic AMPdependent protein kinase, and protein kinase C pathways, affected neither disassembly nor reassembly of the V-ATPase (112). These results suggest that the signal for V-ATPase assembly is somewhat different from those previously characterized pathways, but it is certainly possible that some variation on these pathways could be involved.
One intriguing possibility is that some metabolite of glycolysis itself might bind to the V-ATPase and affect its assembly state. Although ATP is an attractive possibility, the levels of ATP during glucose deprivation and readdition do not appear to correlate to V-ATPase assembly state, and various levels of ATP and/or ADP in vitro do not trigger diassembly of VATPase complexes (112) . However, Lu et al. have found that the glycolytic enzyme aldolase binds directly to the B and E subunits of the yeast V 1 sectors and the a subunit of the V 0 sector (77, 78) . Intriguingly, mutants lacking aldolase grow better at pH 5 than at pH 7.5, possibly suggesting a connection (61) . Glucose readdition results in reassembly of the V-ATPase, and is slow and incomplete in the absence of the RAVE complex (131) . RAVE binding to V 1 is compromised in mutants lacking subunit E or G, suggesting that these two subunits are involved in the interaction of V 1 and RAVE (135) . Subunits that are believed to undergo major conformational changes during disassembly are identified: the H subunit shifts from being an activator of V 1 V 0 complexes to being an inhibitor of free V 1 complexes (113), the cytoplasmic N-terminal domain of the a subunit appears to fold down onto the rest of V 0 (157) , and the C subunit is released from both the V 1 and the V 0 sectors during disassembly (61).
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to V-ATPase activity, and the level of free V 1 sectors is increased in the mutants (77, 78) . None of these experiments has yet dissociated the effects of aldolase loss on glycolytic flux from direct effects of aldolase loss on V-ATPase structure, however. This is an important point, because loss of glucose metabolism in the aldolase mutant might mimic a glucose deprivation and thus induce V-ATPase disassembly indirectly. However, other glycolytic enzymes, in addition to aldolase, have been detected in association with V-ATPases in other systems (140) . Whether the association of these enzymes with the V-ATPase proves to control V-ATPase assembly state or provide a localized source of ATP (as suggested for the kidney cell surface V-ATPase shown to associate with phosphofructokinase) (140) , direct connections between glycolysis and V-ATPase activity are likely to be important in regulating V-ATPase activity.
Early experiments suggested that the V-ATPase itself had to be active for disassembly to occur, because both inactivating mutations in the enzyme and the specific inhibitor concanamycin A prevented release of V 1 upon glucose deprivation (112) . Because both concanamycin and the inactivating mutations also prevent vacuolar acidification, these experiments did not determine whether it was some aspect of catalysis that made the ATPase structure competent for disassembly or whether vacuolar acidification was important. Shao and Forgac recently showed that inhibiting vacuolar acidification using chloroquine could inhibit disassembly of the V-ATPase, even though the ATPase was fully active (133) . This result suggests that the V-ATPase might itself contain a "vacuolar pH sensor" that can prevent inactivation of the enzyme by dissociation under conditions where the pH gradient across the vacuolar membrane is lost. Even under normal conditions, V-ATPase disassembly is never complete, and this result would suggest that a population of active enzymes is retained at the vacuole by stopping disassembly before the pH gradient is completely lost.
Many questions still remain about reversible disassembly of V-ATPases, ranging from the physiological implications of this process to its structural underpinnings. (i) Although it is hypothesized that the physiological purpose of reversible disassembly is conservation of cytoplasmic ATP, this has not been demonstrated directly, because there is still no mutant that has full V-ATPase activity but fails to disassemble. Such a mutant could reveal whether there is any physiological disadvantage to sustained V-ATPase activity in the presence of poor carbon sources, and possibly whether there is any additional role for disassembled V 1 and V 0 sectors.
(ii) Although there are intriguing clues to the molecular requirements for disassembly and reassembly of the V-ATPase, such as the aldolase association described above, the signals connecting extracellular carbon source availability and V-ATPase assembly state are still not clear, and this is an area of major interest.
(iii) The C subunit is lost from both the V 1 and V 0 sectors during disassembly, but it is still not clear whether the V 1 and C subunits float independently into the cytosol or are retained in closer proximity to each other and the vacuolar membrane. In addition, the RAVE complex, discussed below, binds V 1 after its release from the membrane and improves the efficiency of reassembly, but its mechanism is not understood.
(iv) The possibility of ongoing cycles of disassembly and reassembly places some important constraints on the structure of the V-ATPase itself, particularly on the stalk structures. While the stator and rotor stalks of the F 1 F 0 -ATPases appear to be dedicated to maintaining the structural connections between subunits that are essential for sustaining rotational catalysis, the V-ATPase stalks must balance the stability needed for rotational catalysis with the regulated instability implied by reversible disassembly. The V-ATPase stalk subunits show little resemblance to the stalk subunits of F-ATPases, and the need to balance stability and instability may account, at least in part, for this divergence.
The RAVE Complex
The RAVE complex was first discovered in a proteomic approach to identifying new binding partners of the highly conserved protein Skp1p, which is best known as a component of the SCF (Skp1-cullin-F-box) class of E3 ubiquitin ligases (131) . Among the proteins bound to a Skp1p affinity column from a yeast lysate were two uncharacterized proteins encoded by yeast genes YJR033c and YDR202c, which were later named RAV1 and RAV2. Further characterization revealed that Skp1p, Rav1p, and Rav2p formed a complex that did not contain other components of SCF ubiquitin ligases and was not sensitive to mutations in these other components for its formation (131) . This result suggested that this complex, named RAVE (regulator of H ϩ -ATPase of vacuolar and endosomal membranes) after subsequent functional characterization, was not an SCF ubiquitin ligase even though it contained Skp1p.
Affinity chromatography under less-stringent conditions revealed that a number of V 1 subunits copurified with the RAVE complex, and the functional importance of this interaction was supported by a partial (temperature-dependent) Vma Ϫ phenotype for the rav1⌬ and rav2⌬ mutants (131) . Both rav1⌬ and rav2⌬ mutants proved to be unable to grow at elevated pH and calcium concentrations at 37°C, although they were able to grow under these conditions at 30°C, and consistent with the growth phenotype, there was a substantial decrease in quinacrine staining of the vacuole at low temperatures and a loss of staining at higher temperatures (131) . These results indicated that RAVE was somehow regulating V-ATPase activity. Consistent with this, reassembly of V-ATPase complexes after glucose readdition to glucose-deprived cells was much slower in a rav1⌬ mutant (121) .
How does the RAVE complex affect reassembly of the VATPase? RAVE can bind to cytosolic V 1 , and among other possibilities, this association might transmit the elusive glucose signal, discussed above, to the V-ATPase or provide a chaperone-like protection of V 1 that keeps it competent for reassembly. RAVE was shown to bind to V 1 released from the vacuolar membrane by glucose deprivation, and to release V 1 upon glucose readdition (135) . The binding of RAVE to V 1 is not intrinsically glucose sensitive, however, because RAVE also bound to the constitutively cytosolic V 1 in a mutant with destabilized V 0 , and this binding was not altered by changing extracellular glucose. This result argues against RAVE as a glucose sensor, and might instead support a more general role in preserving V 1 structure or stimulating its assembly.
Consistent with a more general role for RAVE in assembly, the V-ATPase in vacuoles isolated from rav1⌬ and rav2⌬ mutants proved to be very unstable, even in the presence of glucose (135) . Although all of the subunits of the enzyme appear to be present at near-normal levels and there is enough activity to suppress the Vma Ϫ phenotype at lower temperatures, vacuoles isolated from the mutants have very low ATPase activity and low levels of V 1 subunits. Immunoprecipitations from rav1⌬ and rav2⌬ mutants indicate that the V 1 and V 0 sectors are assembled, but there is little association of V 1 with V 0 (135).
As described above, the final level of assembly of the VATPase is established by both biosynthetic assembly of the enzyme and reversible disassembly of the assembled complexes. Because rav1⌬ had been shown to affect reassembly of the V-ATPase after glucose readdition (131) , it was hypothesized that the rav mutations were not affecting V-ATPase biosynthesis, but instead were perturbing the balance between disassembly and reassembly. An E145L mutation in the VATPase cЈ subunit (vma11-E145L) abolishes all V-ATPase activity, results in high levels of assembled V-ATPase in the vacuole, and prevents disassembly in response to glucose deprivation (48, 112) . If disassembly of the V-ATPase is necessary for the rav1⌬-dependent assembly defects to be observed, then the vma11-E145L mutation should be epistatic to the rav1⌬ mutation and should restore V-ATPase assembly. Instead, it was found that there was still poor assembly of V 1 with V 0 in the vma11-E145L rav1⌬ double mutant (135) . Surprisingly, this result indicates that RAVE plays a role in both biosynthetic assembly and reassembly of the V-ATPase, two processes that were previously believed to be independent.
Further analysis of the RAVE-V 1 interaction has provided some molecular clues to the potential functions of RAVE, although its activity is still not fully understood. The RAVE-V 1 interaction is specifically disrupted by mutations in two subunits of the peripheral stalk, subunits E and G (135) . This suggests the RAVE may be important for docking the peripheral stalk onto V 0 sectors in the membrane. There are similarities between the assembly phenotypes of the rav⌬ mutants and a vma5⌬ mutant, which lacks the V 1 C subunit: in both cases, a "core" V 1 complex and V 0 complexes are assembled, but V 1 and V 0 do not associate tightly (51, 135) . The C subunit is associated with the E and G subunits in the peripheral stalk (55) and is lost from both V 1 and V 0 sectors during disassembly (61) . The stage at which the C subunit becomes associated with V 1 and/or V 1 V 0 complexes during biosynthetic assembly is not known, but given the above data, it is tempting to speculate that RAVE plays a role in assembly of the C subunit both during reassembly and during biosynthetic assembly. Experiments are under way to address this possibility.
New clues to RAVE function were provided when the SOI3 gene, isolated via a mutation that suppresses the loss of the trans-Golgi network localization signal in Kex2p, was shown to be identical to RAV1 (1, 122, 134) . These experiments demonstrated a substantial membrane-bound fraction of Rav1p by differential centrifugation, in addition to the cytosolic fraction that had been studied previously (134) . Sucrose gradient fractionation of the membrane-bound Rav1p suggested that the membrane-bound portion of the RAVE complex might be localized to early endosomes, and a Rav1p-green fluorescent protein fusion localized in a pattern consistent with early endosomes (134) . Furthermore, the Soi Ϫ phenotype and several other defects in the rav1 mutant are consistent with a role for the RAVE complex in the early endosome, and the authors hypothesized that RAVE may be critical to ensure acidification at this site (134) .
One intriguing possibility is that the fraction of RAVE that is in the early endosome is responsible for the role of RAVE in VATPase biosynthesis and the fraction in the cytosol is involved in reassembly of the V-ATPase after it has been transported to the vacuole and disassembled. The biochemical function of RAVE could potentially be the same at both locations. Further experiments are necessary to sort out these possibilities.
To date, the RAVE complex has been studied only in yeast. It is not yet clear how general its role in V-ATPase assembly is. It is equally unclear how specific to V-ATPases its function is. Because the Vma Ϫ phenotype is so pronounced in yeast, defects in other complexes arising as a result of loss of RAVE function might be difficult to recognize. Most fungi have identifiable homologues of RAV1 and RAV2, but there has been no phenotypic characterization of mutants lacking these genes. Potential homologues of RAV1 are found in most eukaryotes (64) , but these proteins are predicted to be much larger than yeast Rav1p, and they have not been connected biochemically to the V-ATPase. Interestingly, a potential mammalian homologue of yeast Rav1p, rabconnectin 3, was isolated as binding to both the Rab3 GTPase-activating protein and Rab3 GTPase exchange factor and was shown to be enriched in synaptic vesicles (93) . These results suggested that rabconnectin was a scaffold protein, but provided no connection to V-ATPase function.
The involvement of Skp1p in the V-ATPase complex also remains rather mysterious. Skp1p appears both to be an essential component of the RAVE complex and to associate stably with Rav1p and Rav2p, even under conditions where RAVE cannot bind V 1 (131, 135) . In the SCF-type E3 ubiquitin ligases, Skp1p acts as an adaptor protein, bridging the cullin backbone of the ubiquitin ligase and a number of substrate recruitment proteins that are recognized by a sequence motif called the F-box (18) . Although Skp1p is generally envisioned as a central component of SCF ubiquitin ligases, RAVE is not the first nonproteolytic complex to contain Skp1p. Skp1p is a structural component of the kinetochore complex CBF3 (66) and also interacts with Rcy1p to regulate localization of the plasma membrane v-SNARE Snc1p during endocytosis and recycling (35) .
However, in both of these contexts, there are parallels with the functions of Skp1p in SCF complexes. In both, Skp1p binds to an F-box protein (Ctf13p in the CBF3 complex and Rcy1p in the Rcy1p-Skp1p complex) and may help to regulate the stability of one or more components involved in the respective functions of the complexes. However, no F-box protein has been identified in the RAVE complex or the V-ATPase, and there is no obvious link to protein stability. Skp1p may simply be an abundant protein that is "moonlighting" as part of a V-ATPase assembly complex, but it is still possible that Skp1p somehow provides a functionally important link between VATPase assembly and the many other cellular processes that involve Skp1p-containing complexes. proposed that variations in coupling efficiency were in part responsible for differences in acidification in lemon fruit, where a steep pH gradient is established and maintained across the vacuolar membrane, and other parts of the plant, where the vacuolar pH is more typical of other eukaryotic cells (90) . More recently, Shao and Forgac provided further support for an intrinsic slip in ATP-dependent transport in the yeast V-ATPase by demonstrating that mutations in the nonhomologous domain of the catalytic subunit could change coupling between ATP hydrolysis and proton pumping (133) . Significantly, not only were mutations with decreased coupling efficiency obtained, but at least one mutation (vma1-P217V) resulted in an increased coupling ratio, particularly at low ATP concentrations.
Decreased coupling efficiency might be accounted for by a variety of structural defects in the enzyme, but increased efficiency suggests that the wild-type enzyme is not optimally coupling ATP hydrolysis and proton transport. In a more global sense, these results suggest that at the millimolar concentrations of ATP commonly found in the cytosol of yeast with abundant carbon sources, a certain percentage of ATP hydrolysis by the V-ATPase is not productive in driving proton transport. This seems uncharacteristically wasteful, and might be seen as a flaw in V-ATPase architecture, perhaps arising from structural demands on the stator structure to balance coupling and the potential for disassembly. However, Nelson et al. have recently pointed out that intrinsic slips in transport systems may be beneficial to cells under certain circumstances, and in the case of V-ATPases may provide a means of controlling organelle acidification and providing adaptability, even at the expense of excess ATP hydrolysis (101) .
This intrinsic uncoupling of the ATPase is also a potential site of intervention for other mechanisms for regulating VATPase activity in response to changing conditions or providing compartment-specific control. For example, Crider and Xie have recently shown that phospholipids can regulate the coupling efficiency of mammalian V-ATPases in vitro (13) . Thus, this is another mechanism by which the phospholipid content of different membranes could help to account for the final internal pHs of different organelles.
Other Mechanisms of V-ATPase Regulation
Feng and Forgac first demonstrated that disulfide bond formation with a cysteine near the catalytic site in the A subunits inhibited the bovine clathrin-coated vesicle V-ATPase activity (28, 30) . They went on to show that this inhibition is reversible by disulfide interchange among three conserved cysteines in the A subunit (29) . In yeast, a cys4⌬ mutation mimics the phenotype of the vma mutants, in part because it appears to reduce cellular glutathione levels (109) . Mutation of the conserved catalytic site cysteine in the yeast A subunit partially suppresses the effects of the cys4⌬ mutation (109) . This suggests that there may be some control of V-ATPase activity in yeast by oxidation and reduction, but it is still unclear when this type of regulation might occur in wild-type cells.
There are likely to be other mechanisms of V-ATPase regulation as well. Work to date has made it clear that V-ATPases are entwined in many aspects of cell physiology and that regulation of V-ATPase activity is multilayered and complex. In coming years, detailed biochemical analysis of the V-ATPase itself and genomic analysis of its place in the cell are likely to lead to both greater understanding and new questions. Given the high degree of conservation of both the V-ATPase itself and the known mechanisms for its regulation, work on fungal V-ATPases will continue to provide important insights into the interplay between organelle acidification, pH homeostasis, and other aspects in cell physiology that are likely to be applicable to all eukaryotic cells.
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